Maintenance of genome stability is essential for the accurate propagation of genetic information and cell growth and survival. Organisms have therefore developed efficient strategies to prevent DNA lesions and rearrangements. Much of the information concerning these strategies has been obtained through the study of bacterial and nuclear genomes. Comparatively, little is known about how organelle genomes maintain a stable structure. Here, we report that the plastid-localized Whirly ssDNA-binding proteins are required for plastid genome stability in Arabidopsis. We show that a double KO of the genes AtWhy1 and AtWhy3 leads to the appearance of plants with variegated green/white/yellow leaves, symptomatic of nonfunctional chloroplasts. This variegation is maternally inherited, indicating defects in the plastid genome. Indeed, in all variegated lines examined, reorganized regions of plastid DNA are amplified as circular and/or head-tail concatemers. All amplified regions are delimited by short direct repeats of 10 -18 bp, strongly suggesting that these regions result from illegitimate recombination between repeated sequences. This type of recombination occurs frequently in plants lacking both Whirlies, to a lesser extent in single KO plants and rarely in WT individuals. Maize mutants for the ZmWhy1 Whirly protein also show an increase in the frequency of illegitimate recombination. We propose a model where Whirlies contribute to plastid genome stability by protecting against illegitimate repeat-mediated recombination.
Maintenance of genome stability is essential for the accurate propagation of genetic information and cell growth and survival. Organisms have therefore developed efficient strategies to prevent DNA lesions and rearrangements. Much of the information concerning these strategies has been obtained through the study of bacterial and nuclear genomes. Comparatively, little is known about how organelle genomes maintain a stable structure. Here, we report that the plastid-localized Whirly ssDNA-binding proteins are required for plastid genome stability in Arabidopsis. We show that a double KO of the genes AtWhy1 and AtWhy3 leads to the appearance of plants with variegated green/white/yellow leaves, symptomatic of nonfunctional chloroplasts. This variegation is maternally inherited, indicating defects in the plastid genome. Indeed, in all variegated lines examined, reorganized regions of plastid DNA are amplified as circular and/or head-tail concatemers. All amplified regions are delimited by short direct repeats of 10 -18 bp, strongly suggesting that these regions result from illegitimate recombination between repeated sequences. This type of recombination occurs frequently in plants lacking both Whirlies, to a lesser extent in single KO plants and rarely in WT individuals. Maize mutants for the ZmWhy1 Whirly protein also show an increase in the frequency of illegitimate recombination. We propose a model where Whirlies contribute to plastid genome stability by protecting against illegitimate repeat-mediated recombination.
genome maintenance ͉ microhomology ͉ recombination P lastids play diverse and essential roles in plants. Despite this central importance, surprisingly little is known about even the most basic aspects of the plastid genome structure, maintenance, and propagation. For example, while the textbook depiction of plastid DNA (ptDNA) is that of a genome-sized circular DNA molecule, recent evidence suggests instead that most of the ptDNA is organized in concatenated, branched linear forms with T4 phage-like features (1) . This change of perception of plastid genome architecture requires a re-evaluation of the current rolling-circle model for plastid genome replication. It is now considered that a recombination-dependent replication process is responsible for the branched, multigenomic structures present in plastids (1) . Recombination is also expected to play a crucial role in plastid genome maintenance. Indeed, because of its exposure to radiation and reactive oxygen species, the plastid genome is expected to accumulate mutations at a high rate. This situation stresses the importance of efficient DNA replication, recombination, and repair (DNA-RRR) pathways in these organelles (2) . However, to date the mechanisms and enzymes involved in these pathways remain poorly characterized.
Evidence for recombination in plastid genomes abounds in the literature (2) . An example is the recombination between the large inverted repeat sequences present in many plastid genomes (3) . This flip-flop recombination is responsible for the 2 isomers of ptDNA, which differ only with respect to the orientation of the single-copy regions. More direct evidence of recombination comes from plastid transformation experiments, which demonstrate that foreign DNA is integrated into ptDNA by homologous recombination (4).
Homologues of bacterial genes involved in DNA-RRR are present in the nuclear genome of plants, and some of their encoded proteins are targeted to plastids. These include the recA homologs RECA1 (5) and RECA2, whose disruption is lethal in Arabidopsis (6), a Rec Q-like DNA helicase from rice (7) , and genes for a gyrase A-like and 2 gyrase B-like subunits in Arabidopsis (8) . Recently, 2 homologs of OSB1, a ssDNA-binding protein (SSB) that regulates recombination in mitochondria (9) , were shown to localize to plastids. However, no role has yet been ascribed to these proteins. Finally, homologs of replication protein A (RPA), another ssDNAbinding protein family that plays an essential role in mammalian DNA-RRR, have recently been identified in plants. One member of this family is targeted to plastids (10) .
Similar to many DNA-RRR proteins, Whirlies form a small family of ssDNA-binding proteins (11) . They are involved in a variety of phenomena, ranging from pathogen defense (12) to telomeric homeostasis (13) . In Arabidopsis, 3 Whirly genes are present and their proteins localize to organelles; AtWhy1 and AtWhy3 are targeted to plastids and AtWhy2 is targeted to mitochondria (14, 15) .
Recent evidence indicates that Whirlies bind organelle DNA without apparent sequence specificity in vivo. In Arabidopsis, AtWhy2 binds to many regions of the mitochondrial genome with no obvious sequence consensus (15) . Similarly, in maize, the plastid-localized ZmWhy1 interacts with DNA from throughout the plastid genome (16) . Knockdown mutations of ZmWhy1 lead to ivory or pale green plants, indicating that this Whirly is involved in chloroplast biogenesis. This phenotype was attributed to a defect in the maturation of the atpF and 23S ribosomal RNAs, but the participation of ZmWhy1 in DNA recombination or repair has not been ruled out.
To better understand the role of plastid-targeted Whirlies (ptWhirlies), we characterized an Arabidopsis double KO line of the AtWhy1 and AtWhy3 genes (KO1/3). Variegation patterns, which appear on leaves in Ϸ4.6% of the progeny, correlated with the selective rearrangement and amplification of large regions of the plastid genome. We show that the rearrangements are produced by illegitimate recombination at short direct repeats that border the amplified regions in intact ptDNA. We suggest that AtWhy1 and AtWhy3 function as antirecombination proteins, contributing to safeguard plastid genome integrity.
plants that no longer produce the AtWhy1 (KO1) and/or AtWhy3 (KO3) proteins ( Fig. 1 A and B) . Only one Whirly is detected in the single KOs, and no Whirlies are detected in KO1/3 extracts. We then monitored the ssDNA-binding activity of Whirlies by EMSA. As shown in Fig. S1 a strong DNA-binding signal is observed with Col-0 (WT) proteins, whereas less intense signals are detected with KO1 and KO3, respectively. No signal was observed in KO1/3, confirming the absence of ptWhirlies in these plants.
The KO1 and KO3 plants have no apparent phenotype. Interestingly, although most KO1/3 plants have a WT appearance, some individuals have a smaller size and a variegated phenotype with white/yellow sectors on some leaves (Fig. 1C Upper) . In these sectors, a strong diminution in chlorophyll autofluorescence is observed (Fig. 1C Lower) . Examination of plastids by electron microscopy reveals that in the white sectors thylakoid stacks are replaced by large round vesicles, indicating that plastid development is compromised (Fig. 1D Right) . By contrast, plastids from green sectors of the same leaf appear normal (Fig. 1D Left) . We then evaluated the frequency of sectored individuals in large populations of Col-0 and Whirly mutant plants (Table S1 ). Although no variegated individuals were recovered from Col-0, KO1, and KO3 populations, 4.6% of KO1/3 plants had at least one variegated leaf sector (Table S1 ). These data indicate that elimination of both ptWhirlies triggers changes that ultimately lead to strong interference with chloroplast development and function.
The Variegated Phenotype of KO1/3 Plants Is Maternally Inherited.
The severity of the variegation phenotype in the KO1/3 population is variable. Although some plants exhibit chlorosis on a single leaf, others have most of their leaves covered by yellow/white sectors (data not shown and Fig. 1E ). Phenotypic differences were also observed between different variegated individuals, suggesting that the defects responsible for variegation differ from one plant to another (Fig. 1E) . From this first generation of variegated KO1/3 plants, we selected 2 lines with a strong variegation phenotype (Var A and Var B) and set out to define the molecular basis of impaired plastid development.
Maternal inheritance of variegation is often linked to modifications of organelle genomes (9, 17, 18) . Crosses were performed between variegated line Var B and Col-0 plants to determine the inheritance mode of the variegation. When variegated plants were used as male parents, no variegation was observed in the heterozygous F 1 progeny. However, when Var B plants were used as female in the same cross, variegation was found in 46% of the progeny (47 of 103 F 1 plants). This finding indicates that variegation is maternally inherited and that reintroduction of Whirlies is unable to completely rescue the plastid defect, suggesting that the plastids in variegated sectors are irreversibly damaged, most likely at the genetic level.
Amplification of Reorganized ptDNA Regions in Variegated Plants.
Because Whirlies bind DNA in organelles (refs. 15 and 16 and Figs. S2 and S3), it is likely that variegation in KO plants results from mutations in their ptDNA. We thus searched for ptDNA rearrangements by DNA hybridization. Although no change was detected when comparing HindIII-digested Col-0 to nonvariegated (green) KO1/3 DNA, unique amplified regions were identified in digested ptDNA of the Var A and Var B lines (Figs. 2A and S4). Amplified DNA was estimated to be 10-25 times more abundant than WT ptDNA. In addition, for both variegated lines, new HindIII fragments (Ϸ5.8 kb in Var A and Ϸ6.3 kb in Var B) were detected by using probes located at the extremities of the amplified regions. These new bands indicate that the amplified regions are reorganized either as circular molecules and/or head-tail concatemers (Fig. 2B) .
Reorganization of ptDNA Is Caused by Recombination Between Short
Direct Repeats. To map the extremities of the amplified DNA, we designed PCR oligonucleotides close to the ends of the amplified regions of Var A and Var B, facing opposite directions (outwardfacing PCR; Fig. 2B ). In a WT plastid genome, these primers would yield no product. However, in a rearranged genome where circular or head-tail concatemers are present, we predict a new fragment containing both extremities of the amplified regions. As expected, when PCR is performed with DNA from Col-0 and green KO1/3 plants, no product is observed with both Var A and Var B primers (Fig. 2C) . However, when the same primers are used on Var A and Var B DNA, amplification products appear in both cases. Interestingly, more amplified products are detected in variegated versus nonvariegated leaves of the same plants, suggesting that the appearance of defective chloroplasts is related to the abundance of reorganized ptDNA molecules (Fig. 2C, compare leaves 4 and 8) .
The position of the ends of amplified regions was determined by cloning and sequencing the PCR products. These positions matched perfectly with the HindIII digestion patterns of the reorganized regions ( Fig. 2 A and B, Fig. S4 , and Table 1 ). Remarkably, the regions of WT plastid genome that correspond to the amplified regions in Var A and Var B are bordered by short direct repeats of 10 and 14 bp, respectively (Table 1 ). In the PCR fragments, both ends of the amplified regions are joined by a single repeat, indicating that recombination occurred between these short sequences. Analysis of 3 additional variegated lines also revealed unique amplified regions with ends joined by recombination at short repeats (Table 1) . Interestingly, in the Var C and Var E lines, the bordering repeats are not identical and carry a few mismatches.
Altogether, our data strongly suggest that variegation is induced by an overabundance of amplified recombined ptDNA regions. Additional DNA hybridization experiments were performed to determine the arrangement of the amplified DNA. DNA from Col-0, green KO1/3, and Var A plants was digested either with XhoI and PstI restriction enzymes that cut on both sides of the Var A region in WT ptDNA or with KpnI that cleaves once in this region ( Fig. 2 D and E) . A probe specific for the Var A-amplified region was used for detection. Intact Col-0 and green KO1/3 DNA migrated within the unresolved compression zone (above Ϸ10 kb). Six bands were detected in undigested Var A DNA, including a fast-migrating band of Ϸ4.5 kb. When DNA was digested with XhoI and PstI, the Var A-specific bands were unaffected (Fig. 2E ), indicating that these DNA molecules are extrachromosomal. Finally, after KpnI digestion, all Var A-specific bands collapsed into a single 6.25-kb band, showing that these forms are concatemers of the same repeat unit. This result also suggests that the fast migrating band in undigested Var A DNA corresponds to a circular molecule, possibly a monomeric one. Similar results were obtained with the Var B line (data not shown). We thus conclude that amplified ptDNA is present as both circular and/or head-tail concatemers in variegated plants.
Illegitimate Recombination Is Increased in the Absence of Arabidopsis ptWhirlies. Our results suggest that the absence of ptWhirlies induces plastid genome instability through an increase in recombination between short direct repeats. One could therefore expect to detect low-level recombination events in nonvariegated Whirly mutant plants. We tested this hypothesis by using the outwardfacing PCR approach described above, on each of 4 independent DNA pools from Col-0, KO1, KO3, and green KO1/3 plants. Representative results of the PCR amplification are shown in Fig.  3 A-C. Rearranged products were observed in all genotypes.
Cloning and sequencing of rearranged DNA confirmed that illegitimate recombination is strongly increased in green KO1/3 plants, where 40 different recombination products were identified out of 30 PCRs (Tables S2, S3 , and S4). Recombination products were also detected in single KOs, although less frequently, indicating that the depletion of AtWhy1 or AtWhy3 is sufficient to increase spurious recombination. Surprisingly, 2 recombination events were detected in Col-0 samples. These were present in all genotypes tested (Table S2 , S3, and S4), suggesting the presence of a small subpopulation of rearranged ptDNA even in WT plants.
Illegitimate Recombination Is Increased in Maize Whirly Mutants. We verified in 3 maize ZmWhy1 mutant lines whether mutation of monocot ptWhirlies also affects plastid genome stability. The lines ZmWhy1-1, ZmWhy1-2, and the heteroallelic progeny of complementation crosses ZmWhy1-2/-1 all have a reduced level of the plastid-localized protein ZmWhy1. These lines exhibit ivory (ZmWhy1-1), pale green (ZmWhy1-2), and intermediate (ZmWhy1-2/-1) leaf phenotypes (16) . Our Southern hybridizations did not reveal amplified plastid genome regions in any of the 3 lines (Fig.  S6) , indicating that the defect in chloroplast biogenesis in ZmWhy1 mutants is not linked to the presence of amplified ptDNA regions. Outward-facing PCR analysis of the B73 control maize line revealed a single short-repeat mediated illegitimate recombination event for the 19 primer pairs tested (Tables S5 and S6 ). The same primers revealed 3 events in lines ZmWhy1-2 and ZmWhy1-2/-1. Illegitimate recombination was highest in the most severe mutant line (ZmWhy1-1), with a total of 14 different events (Tables S5 and  S6 ). These results suggest that Whirlies are also involved in stabilizing the plastid genome in maize.
Discussion
Whirlies Prevent Short Homology-Dependent Illegitimate Recombination. Accumulation of reorganized DNA through illegitimate recombination has also been observed in bacteria. In Escherichia coli, stress can induce selective amplification of genome regions conferring tolerance to the applied stress, a phenomenon called adap- tive amplification. These regions (Ϸ10-30 kb) are first duplicated through illegitimate recombination between microhomologous repeats (5-15 bp) and are then further replicated through a mechanism requiring the homologous recombination machinery (reviewed in ref. 19 ). Another recombination process, called ''short homology-dependent illegitimate recombination'' exists in bacteria (reviewed in ref. 20) . It also requires microhomology (3-20 bp) at recombination sites, and its occurrence is increased by various DNA-damaging agents. Similarly, microhomology-mediated recombination has recently been proposed to trigger segmental DNA duplications that are linked to some genetic diseases in humans and to copy number variations among individual genomes (21) (22) (23) . It was also observed in yeast cells undergoing segmental duplications (24). Interestingly, in bacteria, DNA-RRR proteins, such as the subunits of the UvrAB complex, the RecQ helicase, the histone-like H-NS, and the SSB can suppress microhomology-mediated recombination (25-29). However, the genetics requirements for this suppression may vary with the system used to monitor recombination. We propose a similar role for Whirlies in plastids, where they contribute to maintain genome stability by preventing accumulation of illegitimate recombination products.
A Model for the Variegation in Arabidopsis Plants Lacking ptWhirlies.
The direct repeat sequences at Arabidopsis ptDNA junctions are too short to serve as substrates for homologous recombination (30, 31).
Recently, an alternative model was proposed to explain how microhomologies may generate large DNA rearrangements in E. coli, yeast, and human (21) . In this model, the collapse of a replication fork leads to the generation of a 3Ј protruding ssDNA end. This 3Ј tail may anneal to a microhomologous ssDNA sequence at a different location, allowing reinitiation of replication at this new site. When such template switching occurs between 2 different DNA molecules, either duplications (switch to a position behind the fork) or deletions (switch to a position ahead of the fork) will occur. Alternatively, switching on the same DNA molecule behind a stalled replication fork leads to rolling-circle replication that produces concatemers of subgenomic regions and eventually circular DNA products (Fig. 2D) . In addition to duplication/ circularization events that were detected by DNA hybridization and outward-facing PCR, deletions were identified by using inwardfacing PCR in Arabidopsis Whirly mutants (Table S4 ). In summary, the above replication-based mechanism might explain the variety of microhomology-mediated rearrangements observed in the plastid genome of Whirly mutants. Based on our results, we propose the following model for the emergence of variegation in KO1/3 plants (Fig. S7) . In Col-0, the genome surveillance machinery repairs DNA lesions and, with the help of Whirlies, prevents accumulation of illegitimate DNA recombination products, which are rarely detected in these plants. In the single KO plants, the absence of 1 ptWhirly is enough to induce a low-level accumulation of rearranged molecules. However, when both Whirlies are eliminated, aberrant molecules accumulate to high levels. Some of these molecules, most likely circularized products, could replicate independently of the main plastid genome and eventually become overabundant. In each of the 5 variegated lines analyzed in detail (Table 1) only 1 rearranged molecule is amplified. Although a certain level of these molecules can be tolerated by the plastid, as demonstrated by their presence in green tissue of variegated plants (Fig. 2C) , their accumulation eventually gives rise to plastids that are nonfunctional, thus leading to the appearance of variegated leaf sectors. No deletions resulting in variegation were detected, suggesting that their accumulation is either lethal and/or that they are more easily eliminated by gene conversion (32).
Conservation of the Role of ptWhirlies in the Maintenance of Plastid
Genome Stability. The finding that illegitimate recombination mediated by short repeats is also enhanced in a severely affected maize Whirly mutant line suggests a conserved function for Whirlies in maintaining plastid genome stability. ZmWhy1 hypomorphic mutants show a less clear trend than the ZmWhy1-1 mutant, which might be caused by the presence of a higher residual level of ZmWhy1 protein in these lines (16) . This situation resembles that of the single KO1 and KO3 Arabidopsis Whirly mutants, which show less illegitimate recombination than the double KO. The low level of ZmWhy1 protein present in all ZmWhy1 mutants may also explain why no amplified ptDNA regions are found in these plants. In fact, the level of residual ptWhirly protein in the maize mutants appears similar to that present in the Arabidopsis KO1 mutant, which also does not contain amplicons. Amplified regions were observed only in KO1/3, the only line analyzed that is completely devoid of ptWhirlies, suggesting that a low level of Whirlies is sufficient to prevent amplification of recombined ptDNA molecules.
The absence of detectable amplicons and the severe firstgeneration phenotypes in the maize Whirly mutants indicate that a different mechanism contributes to the formation of defective chloroplasts in this species. Actually, the ZmWhy1 mutants exhibit a reduced content of plastid ribosomes, with the albino ZmWhy1-1 seedlings almost completely lacking plastid rRNA (16) . This ribosome deficiency was proposed to result from a defect in the biogenesis of the large ribosomal subunit caused by an aberrant 23S rRNA metabolism, suggesting a role for Whirlies in plastid RNA metabolism (16) . Although we cannot rule out such a role in Arabidopsis, it is unlikely that the more subtle variegation phenotype observed in this species is caused by aberrant rRNA metabolism as no major changes are detected in 23S and 16S rRNA levels in the Arabidopsis ptWhirly mutants (Fig. S8) . Thus, Whirlies appear to form a flexible family of single-stranded nucleic acidbinding proteins that can fulfill a variety of roles, depending on the cellular context and/or plant species.
Characteristics of the Short Direct Repeats. Some of the direct repeats reported here appear to be particularly prone to illegitimate recombination as they are used repeatedly and at multiple different positions of the plastid genome (see related events in Tables S4 and  S5) , which suggests that a specific sequence motif or structure promotes their use as substrates. Homopolymeric A/T stretches appear to be over-represented among the direct repeats (Tables 1,  S2 , S4, and S5). This type of sequence produces unusual structures called slipped-strand DNA, which can cause replication stalling (reviewed in ref. 33). Stalled replication forks can be reinitiated by template switching and can also generate double-strand ends (reviewed in ref. 34), potentially leading to an increase in illegitimate recombination. Alternatively, these poly(A)/T sequences could have a greater tendency to melt, providing easier access to invading ssDNA 3Ј tails and thus favoring ptDNA rearrangements.
Whirlies Could Prevent Illegitimate Recombination by Protecting
ssDNA. Many ssDNA-binding proteins bind nonspecifically to DNA and play important roles in recombination processes. Bacterial SSBs and their eukaryotic nuclear counterparts such as RPA play essential protective roles in genome biology by protecting ssDNA from damage and preventing spurious DNA annealing. They also serve to recruit a large number of genome maintenance proteins (reviewed in refs. 35 and 36) . In E. coli, SSB also suppresses short homology-dependent illegitimate recombination (27, 28). It is thus tempting to speculate that in plastids, Whirlies play a role similar to that of SSB in E. coli. This idea is supported by our data (Fig. S3  and ref. 15 ) and those of Prikryl et al. (16) , indicating that Whirlies bind DNA in a nonsequence specific manner. In addition, similar to bacterial SSBs, AtWhy1 protects ssDNA against degradation by nucleases in vitro (L. Cappadocia, A.M., É. Lepage, J. Sygusch, and N.B., unpublished results). We therefore propose that in plastids the absence of Whirlies enhances the availability of free ssDNA, which might lead to increased DNA damage caused by the vulner-ability of the exposed DNA with a subsequent increase in recombination-repair mechanisms. More importantly, the damaged ssDNA might increase the rate of illegitimate recombination by increasing the frequency of collapsed replication forks (reviewed in ref. 37). In any case, stresses able to induce DNA damage would also increase ssDNA availability, as happens after processing of doublestrand breaks, leading to increased recombination (28).
Our experiments define Whirlies as important components of the plastid genome maintenance machinery. As a follow-up, it will be interesting to determine whether stresses that alter the integrity of ptDNA also lead to increased illegitimate recombination in both Whirly mutants and plants deficient for putative ptDNA-RRR proteins. This will help determine the function of Whirlies in DNA protection/repair processes and permit identification of new regulators of plastid genome stability.
Materials and Methods
Mutant Characterization. The Salk Institute Genomic Analysis Laboratory (La Jolla, CA) provided the sequence-indexed T-DNA insertion line (38)
analysis, the antiserum was used at a concentration of 1:4,000.
DNA Gel Blots. DNA was isolated from plants by using a Cetyl trimethylammonium bromide DNA extraction protocol (41). Running of the samples and blotting of the gels were performed as described (15) . 
Plastidial Whirlies are Associated with ptDNA in a Non-Sequence Specific Manner
To characterize the DNA regions that are bound by AtWhy1 and AtWhy3, we performed DNA immunoprecipitation experiments followed by PCR detection of precise regions distributed all over the plastid genome : inside genes, around the determined transcription start sites of genes, in isolated regions that are devoid of any coding sequence and inside putative replication origins (Fig. S3A) . No differences could be observed for the 2 immunoprecipitation of all types of regions between Col-0, KO1 and KO3 extracts, whereas no ptDNA could be immunoprecipitated using the KO1/3 extracts (Fig. S3B) . To control for the specificity of interaction, we tested that the sonication regimen to which ptDNA was subjected yielded fragments of an average length of 500-1000 base pairs (Fig. S3C) . This indicated that for any given region immunoprecipitated specifically, it can be assumed that there is at least one Whirly binding-site within a maximum of 1200 bp relative to the center of the amplified region. Additionally, we used primers to amplify a mitochondrial DNA region in the atp9 gene as a negative control since AtWhy1 and AtWhy3 exclusively localize to chloroplasts and thus should not interact with the mitochondrial genome. We found that we could only amplify similar background levels of mitochondrial DNA for all genotypes, confirming the lack of specific interaction between AtWhy1/3 and mitochondrial DNA in vivo (Fig. S3D) . These results indicate that ptWhirlies are able to bind many if not all ptDNA regions in vivo.
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Arabidopsis mutant characterization
The SALK Institute Genomic Analysis Laboratory provided the sequence-indexed T- 
DNA insertion line SALK_099937 (2). The insertion inside the
Microscopy
Chlorophyll autofluorescence in Arabidopsis
Mature leaf disks were taken from 4 week old plants and mounted on glass slides. A confocal microscope OLYMPUS IX71 was used with a 488 nm laser. Chlorophyll autofluorescence was visualised through a 660 nm long pass filter.
Transmission electron microscopy
Leaf mesophyll tissue from 4 week old plants was cut into 1-2 mm 2 pieces which were washed twice with 0.2 M sodium cacodylate buffer pH 7.4 for 10 minutes. Tissue was fixed by incubation for 6 hours in cacodylate buffer containing 1 % EM-grade glutaraldehyde. Samples were coated with epoxy resin, cut into 80 nm sections and mounted onto nickel/formvar grids. Staining of the samples was done using uranyl acetate and lead citrate. Observations were done using a JEOL (JEM1230) transmission electron microscope at 80 kV. Photographs were taken using a Gatan DualVision camera.
Intracellular localization of StWhy1
The StWhy1-GFP construct was produced by inserting the Emerald GFP (Clontech) sequence downstream of StWhy1 into pBluescript (Stratagene). The StWhy1-GFP fusion comprising all 274 amino acids of StWhy1 was then inserted into the pBin19 vector which contains 2 copies of the CaMV35S promoter. All constructs were electroporated into Agrobacterium tumefaciens strain LBA4404 and transgenic plants were obtained as described (4) . For transient expression, the StWhy1-GFP fusion in pBin19 was transferred to the pBI223 vector which also contains the CaMV35S promoter. Leaf mesophyll protoplasts were isolated and transformed as described. GFP fluorescence (500-530 nm) was visualised with a Leica DM IRB/E laser-scanning confocal microscope using a 488 nm laser excitation source. Chlorophyll was excited using a 543 nm laser and its autofluorescence was visualised at 575-630 nm. For DNA staining, protoplasts were incubated with 5 µM Syto85 (Molecular Probes) for 10-30 min and then 4 washed with fresh culture medium. Syto85 fluorescence (570-600 nm) was visualised using a 568 nm laser excitation source. GFP and Syto85 images were collected sequentially, and no fluorescence cross-talk was observed under our conditions (data not shown). Pseudocoloring of the images, maximal projections, and image overlays were done using the Leica confocal software. Hand-made thin sections of fresh leaves from 4
weeks-old plants were examined in sterile water. Confocal microscopy was carried out using an Olympus FV300 microscope.
Plastid DNA immunoprecipitation
Leaf Beads were pelleted at 11000 g for 20 seconds and resuspended in TE buffer containing 1 % SDS. Complexes were eluted from the beads by heating at 65ºC for 15 minutes. Beads were spun down at 11000 g for 5 minutes and the supernatant transferred to a new tube.
One tenth volume of 2 M NaCl was added and the eluted complexes were incubated at 65ºC overnight for de-crosslinking. Glycogen was added to a final concentration of 0.5 µg/µl and two volumes of 100 % ethanol was added. DNA was precipitated at -80ºC for 1 hour. Tubes were spun at 11000 g for 20 minutes and DNA pellets were resuspended in TE buffer. DNA was subjected to a phenol/chloroform extraction and to a chloroform extraction before being reprecipitated as above. After a final wash with 70% ethanol, DNA was resuspended in water. This DNA was used for PCR reactions. To further control the specificity of the experiment, we determined the size of DNA fragments following sonication and found that they were between 500 and 1200 bp in length. For the determination of the specificity of the interaction between AtWhy1 and AtWhy3 and plastid DNA, mitochondrial DNA immunoprecipitation was performed as described previously (5).
Electrophoretic mobility shift assays
Five hundred mg of leaves taken from 4 week old plants were ground in 5 mL of ice-cold chloroplast isolation buffer (0.33 M sucrose, 10 mM MES-NaOH pH 4.6, 10 mM NaCl, 1 mM EDTA, 10 mM DTT). The resulting slurry was filtered through 2 layers of Miracloth (Calbiochem). The suspension was then centrifuged at 3000 rpm in a microcentrifuge for polyacrylamide Tris-Borate-EDTA gel as described (6) .
Isolation of RNA
RNA was isolated from 4 week old plants using TRIZOL® reagent (Invitrogen)
according to manufacturer's instructions. Running of the samples was performed as described (7) . For the Var A and Var B samples, only highly variegated tissue was used.
Detection of rearranged DNA by PCR in maize
PCR reactions were conducted using the Ex Taq polymerase from Takara Bio Inc.
according to the manufacturer's instructions. The search for rearranged products was 
Oligonucleotides used in this study
The following oligonucleotides were used to identify rearranged products in Arabidopsis: The following oligonucleotides were used to identify rearranged products in maize:
Zm33FOR, GGG TAT TTC CGG CTT TCC TTC ; Zm33REV, GAA GGA AAG CCG GAA ATA CCC ; Zm4761FOR, TCT CCT CAT ACG GCT CGA GAA ; Zm4761REV, TTC TCG AGC CGT ATG AGG AGA ; Zm10113REV, TTC CAC GTG GTA GAA CCT CCT ; Zm15001REV, TAC CCC TTG GAA ATG GGG TAC ; Zm20058FOR, CCA ACT TAG GGG GGT ACG AAT ; Zm20058REV, ATT CGT ACC CCC CTA AGT TGG ; Zm25060FOR, GCA TGT CCA GTG ACT CAT GTG ; Zm25060REV, CAC ATG AGT CAC TGG ACA TGC ; Zm29971REV, AAC AAG AGA AGC ACG AGC TCC, Zm35230FOR, GAA AGG GAG TGT GTG CGA GTT ; Zm40020FOR, CCC AAG GTA TGG AAT CCT AGG ; Zm40020REV, CCT AGG ATT CCA TAC CTT GGG ; Zm45152FOR, TTT CGT TCT AGC GCC CGG AAA; Zm45152REV, TTT CCG GGC GCT AGA ACG AAA ; Zm50141FOR, AGA GGT GAG ATT AGG TGC CCT ; Zm50141REV, AGG GCA CCT AAT CTC ACC TCT ; Zm54971FOR, TGC CAA CAA TCC GAG GCT GTA ; Zm54971REV, TAC AGC CTC GGA TTG TTG GCA; Zm59880FOR, CGG GCC TAT TCA TTA GCT CCT ; Zm59880REV, AGG AGC TAA TGA ATA GGC CCG ; Zm64883FOR, GGG GTC GTG GAA TGC TTT TCT ; Zm64883REV, AGA AAA GCA TTC CAC GAC CCC ; Zm69981FOR, ATT AGC CAA CCG CCA AGG GAA ; Zm69981REV, TTC CCT TGG CGG TTG GCT AAT ; Zm74851FOR, GCG TAA GTC CCC TAT CTA GGA ; Zm85072FOR, ACC TCT CCG GAT CCT CGA ATT ; Zm89967FOR, GAA AAG CAA CGA CTG GAG TGG ;
Zm89967REV, CCA CTC CAG TCG TTG CTT TTC ; Zm100051REV, TCG ACG ATG AAG CTT ATC CCC ; Zm105133FOR, ATT CGC CCT CCC CCT ACA TAT ; Zm105133REV, ATA TGT AGG GGG AGG GCG AAT ; Zm110101FOR, CTG GAA TAT AGA GCG GAC TGG ; Zm129981FOR, GAG CAG GCT ACC ATG AGA CAA ; Zm129981REV, TTG TCT CAT GGT AGC CTG CTC ; Zm135011FOR, TCA GTG ACT TTG GCA CTG GAC.
The following oligonucleotides were used to generate probes for DNA gel blots in Arabidopsis: The following oligonucleotides were used for adjusting DNA levels in the PCR experiments:
YCF2FOR, GAT CTC TGA GAG CTG TTT CCG ; YCF2REV, TGT TTC GCC TCT TAC TCG GAG ; ZmRpoBFOR, GCT TGG CGG AAG AAC TTG AGA ; ZmRpoBREV, TGT TTC GCC TCT TAC TCG GAG.
The following oligonucleotides were used to generate probes for DNA gel blots in maize: (10) . Expected fragments from restriction analysis of WT ptDNA are presented below the probes. B73 inbred line was used as the source for WT DNA. For each of the 3 ZmWhy1 mutants, a segregating green plant issued from heterozygous seeds was used as a control (g). The pale green ZmWhy1-2 (pg), the yellow (intermediate) ZmWhy1-2/-1 (y), and the albino ZmWhy1-1 (al) lines have been described (11) . The corresponding ethidium bromide staining of total digested DNA is presented below each panel. In E the ptDNA level in the albino mutant was slightly lower than in the other lines where no significant difference was observed compared with the WT. To verify this, a membrane was hybridized with plastid probe 95042-100051, partially stripped and reblotted with mitochondrial probe 255542-259720 (12) . The residual signal from the plastid genome is marked by an asterisk. This confirmed that the level of ptDNA was specifically diminished in the albino ZmWhy1-1 mutant. 
